Strong effects of ferromagnetic ͑FM͒ materials on the exchange coupling are observed at different temperatures in FM 1 ͑3 nm͒ / Cr 2 O 3 ͑6 nm͒ / FM 2 ͑10 nm͒ trilayers with FMϵ Co, Fe, or Ni 80 Fe 20 . Changes of the anisotropy of FM and spin-asymmetry of the reflection coefficients for spin-up and spin-down electrons of FM contacted the antiferromagnetic layer influence the strength of interfacial and interlayer coupling of the trilayers. Thus, the reduction of the interfacial coupling and the enhancement of the interlayer coupling with increasing temperature result in quite different magnetic behavior of different trilayers. © 2010 American Institute of Physics. ͓doi:10.1063/1.3332480͔
Since the observation of antiferromagnetic ͑AF͒ coupling between ferromagnetic ͑FM͒ layers over an ultrathin metallic spacer, this issue has stimulated an enormous amount of experimental and theoretical activities. [1] [2] [3] [4] [5] [6] Nonoscillatory and oscillatory decay of the interlayer coupling strength are observed for nonmagnetic and AF insulating spacer layers, respectively. [7] [8] [9] [10] A spiral spin structure of AF results in different angles between the magnetization axes of the two FM layers, and a perpendicular interlayer exchange coupling was observed in FM/AF/FM trilayers with AF materials as spacer layer. [11] [12] [13] [14] [15] [16] [17] Furthermore, a strong competition between interlayer and interfacial coupling has been observed in FM/AF/FM trilayers with AF metallic and insulating spacer materials. 18 However, in FM/AF/FM systems, the constant FM layers have been used in all previous work to investigate the variation of the exchange coupling upon changing the AF spacer thickness. This has urged us to study the role of different FM layers on the interfacial and interlayer coupling in trilayers. The AF material Cr 2 O 3 has a rather low anisotropy ͑2 ϫ 10 5 erg cm −3 ͒ and a Néel temperature ͑T N ͒ of 307 K. 19, 20 Inverse magnetoresistance has been found in chromium-dioxide-based magnetic tunnel junctions. 21 In this letter, we report the observation of the strong influence of FM materials on the exchange couplings in FM/ Cr 2 In order to investigate the influence of the FC process on the magnetic properties, the M-H loops at 10 K for trilayer samples 1, 2, 3, and 4 after ZFC ͑open symbols͒ and FC ͑filled symbols͒ are presented in Figs. 3͑a͒-3͑d͒, respectively. A clear step is found for sample 2 after ZFC. Moreover, for the FC case, sample 1 exhibits a step in the third quadrant but not in the first quadrant of the hysteresis loop, while the step is observed in both quadrants for sample 2. No steps but only exchange-bias phenomena are found for samples 3 and 4. The clear step observed for samples 1 and 2 are due to the different interfacial couplings for the two FM/AF interfaces in the trilayers after FC. Furthermore, the negative loop shift found in each hysteresis loop indicates The temperature dependence of the saturation magnetization M S after ZFC and FC for samples 1, 2, 3, and 4 is presented in Figs. 4͑a͒-4͑d͒. As M S is the largest after FC at 10 K for each sample, each curve in Fig. 4 has been normalized to the M S value after FC at 10 K. The values of M S recorded after FC decrease with increasing temperature, which is larger than that of ZFC for each sample. Moreover, for sample 1 or 3 with FM 1 = Co after ZFC, M S exhibits a maximum around 130 K ͑indicated by solid arrows͒, whereas, the M S decreases with increasing temperature but there is a clear change of slope around 130 K ͑indicated by dashed arrows͒ for sample 2 or 4 with FM 1 = Fe after ZFC. As the thickness of Cr 2 O 3 is constant for all the samples, the almost same temperature marked by arrows in Fig. 4 may be due to a strong effect of the AF spacer material. Now we discuss the mechanism of the exchange coupling in the FM/ Cr 2 O 3 / FM trilayers. The strength of the interfacial coupling between AF and FM layers decreases with increasing temperature, 23 while the factors affecting the interlayer coupling contain two parts: ͑1͒ the complex Fermi surface of the spacer, and ͑2͒ the spinasymmetry of the reflection coefficients of spin-up and spin-down electrons for the FM contacted antiferromagnetic layer. 9 The first one can be neglected due to the constant spacer Cr 2 O 3 for all the samples. The interlayer coupling strength is given by J͑T͒ =−͑T 0 F B ͒ / ͑2D͒ pling is greatly affected by the FM layers. It is found that the interfacial coupling strength decreases and the interlayer coupling strength increases with increasing temperature for each sample.
The interfacial coupling dominates the coupling after ZFC at low temperatures. When the interfacial coupling is strong enough, reversal of two FM layers will simultaneously take place ͓see Figs. 3͑a͒, 3͑c͒ , and 3͑d͔͒, while quite weak interfacial coupling in Ni 80 Fe 20 / Cr 2 O 3 results in a clear step at 10 K ͓Fig. 3͑b͔͒. For sample 2, the variation of hysteresis loop with temperature reflects the change of the interlayer coupling between Fe and Ni 80 Fe 20 due to quite weak interfacial coupling in Ni 80 Fe 20 / Cr 2 O 3 , and the step gradually disappears with increasing temperature, due to the increase of interlayer coupling ͑Fig. 1͒. Moreover, good coupling is observed at low temperatures for both samples 3 and 4 ͑Fig. 2͒, whereas the decoupling above 200 K for sample 4 but good coupling at all temperatures for sample 3 may be due to the larger ⌬r of Co/ Cr 2 O 3 than that of Fe/ Cr 2 O 3 . When the interlayer coupling strength does not compensate the decrease of the interfacial coupling, the decoupling in FM layers will occur at high temperatures. 10 For the FC case, a strong FM coupling in FM/AF exists at low temperature ͑Fig. 3͒. As the FM coupling in the interface is in a low-energy state, the moments of the FM layers will reverse at a lower field for the field-increasing branch in order to reduce the interfacial energy. Thus the moment reversal of the Co and Fe layers at the same field in the first quadrant ͓Fig. 3͑a͔͒ is due to the stronger interfacial coupling in Co/ Cr 2 At T Ͻ T cr , the small M S is caused by the strong interfacial coupling between AF and FM and no orientation of the magnetic moments at the AF/FM interface after ZFC ͓Figs. 4͑a͒ and 4͑c͔͒. At T Ͼ T cr , the interlayer coupling becomes dominant, resulting in good coupling in the trilayers. 18 Therefore, the temperatures of the maximum of M S in Figs. 4͑a͒ and 4͑c͒ after ZFC correspond to this critical temperature. Furthermore, the values of M S after ZFC decrease with increasing temperature ͓Figs. 4͑b͒ and 4͑d͔͒ due to weak interfacial coupling in Fe/ Cr 2 O 3 , and the temperatures marked with the dashed arrows also correspond to the critical temperature in Figs. 4͑a͒ and 4͑c͒ . The same critical temperature occurs for each sample with the same AF spacer, indicating the important role of the AF material in the exchange coupling in trilayers, which is confirmed by the decrease of T cr with increasing spacer thickness elsewhere.
In summary, changes of the anisotropy of FM and the spin-asymmetry of the reflection coefficients for an FM contacted antiferromagnetic layer greatly affect the interfacial and interlayer coupling strength, respectively, in trilayers and the decrease of the interfacial coupling and the increase of the interlayer coupling with increasing temperature result in quite different magnetic behavior of the different trilayers studied.
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